Background and Purpose-Subarachnoid hemorrhage (SAH) frequently results in myocardial necrosis with release of cardiac enzymes. Historically, this necrosis has been attributed to coronary artery disease, coronary vasospasm, or oxygen supply-demand mismatch. Experimental evidence, however, indicates that excessive release of norepinephrine from the myocardial sympathetic nerves is the most likely cause. We hypothesized that myocardial necrosis after SAH is a neurally mediated process that is dependent on the severity of neurological injury. Methods-Consecutive patients admitted with SAH were enrolled prospectively. Predictor variables reflecting demographic (age, sex, body surface area), hemodynamic (heart rate, systolic blood pressure), treatment (phenylephrine dose), and neurological (Hunt-Hess score) factors were recorded. Serial cardiac troponin I measurements and echocardiography were performed on days 1, 3, and 6 after enrollment. Troponin level was treated as a dichotomous outcome variable. We performed univariate and multivariate analyses on the relationships between the predictor variables and troponin level. Results-The study included 223 patients with an average age of 54 years. Twenty percent of the subjects had troponin I levels Ͼ1.0 g/L (range, 0.3 to 50 g/L). By multivariate logistic regression, a Hunt-Hess score Ͼ2, female sex, larger body surface area and left ventricular mass, lower systolic blood pressure, and higher heart rate and phenylephrine dose were independent predictors of troponin elevation. Conclusions-The degree of neurological injury as measured by the Hunt-Hess grade is a strong, independent predictor of myocardial necrosis after SAH. This finding supports the hypothesis that cardiac injury after SAH is a neurally mediated process. Key Words: heart failure, congestive Ⅲ subarachnoid hemorrhage Ⅲ troponin C ardiac injury and dysfunction after subarachnoid hemorrhage (SAH) is a well-recognized phenomenon. ECG changes 1,2 and arrhythmias such as torsade de pointes 3 have been described in SAH patients. Left ventricular (LV) systolic dysfunction occurs in Ϸ10% of patients with SAH. 4 -6 Serum elevations of cardiac enzymes 7,8 and pathological evidence of contraction band necrosis in heart autopsies provide evidence for the development of myocardial necrosis in SAH patients. 9 One prior study showed that 17% of SAH patients develop elevated serum levels of cardiac troponin I (cTI). 10 The pathophysiology of cardiac injury after SAH remains controversial. Historically, coronary artery disease (CAD) and coronary vasospasm have been proposed as possible mechanisms. 11,12 However, some SAH patients have ECG and echocardiographic findings suggestive of myocardial infarction without angiographic evidence of CAD or vasospasm. 13,14 Another possible cause is myocardial ischemia secondary to excessive tachycardia and/or hypertension.
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The most likely cause of cardiac dysfunction after SAH, however, is excessive catecholamine release within the myocardium. 15 The "catecholamine hypothesis" is supported by extensive research in animal models that demonstrated that experimental SAH or stimulation of cortical areas may result in excessive myocardial catecholamine release, ECG abnormalities, and contraction band necrosis. 9,16 -18 The catecholamine hypothesis is also supported by the finding of patterns of LV wall motion abnormalities in SAH patients that are atypical of CAD but may correlate with the distribution of myocardial sympathetic nerve terminals. 19 The hypothesis of the present study is that cardiac injury after SAH is a neurally mediated process that can be predicted by the severity of neurological injury, independent of hemodynamic and other clinical factors. In a prospective cohort study of SAH patients, we sought to determine the clinical predictors of myocardial necrosis as measured by serum levels of cTI.
Materials and Methods
From January 2000 to March 2002, the study enrolled consecutive patients admitted to the Neurological Intensive Care Unit. Inclusion criteria for the study were age Ͼ21 years and confirmed diagnosis of SAH by CT of the head or lumbar puncture. Patients were excluded if they had history of myocardial infarction, cardiomyopathy, or congestive heart failure.
The study protocol was approved by the UCSF Committee on Human Research, and informed consent was obtained from each patient or an appropriate designee. Study procedures were in accordance with institutional guidelines.
After enrollment, demographic and clinical data were collected from patient and family interviews and inspection of medical records. These data included age, sex, body surface area, history of CAD, and risk factors for CAD. The severity of neurological injury was graded using each subject's admission Hunt-Hess score, defined as follows: 1ϭasymptomatic or mild headache and slight nuchal rigidity, 2ϭcranial nerve palsy, moderate to severe headache, or nuchal rigidity, 3ϭmild focal deficit, lethargy, or confusion, 4ϭstu-por, moderate to severe hemiparesis, or early decerebrate rigidity, and 5ϭdeep coma, decerebrate rigidity, or moribund appearance.
Each subject was assessed on 3 study days: the day of enrollment and 2 and 6 days after enrollment. On each study day, serum specimens were collected for measurement of cTI, and echocardiography was performed. The time in days from SAH symptom onset to measurement of cTI was recorded. Heart rate, systolic blood pressure (SBP), and dose of phenylephrine infused during echocardiography were recorded. Phenylephrine is frequently used at UCSF Medical Center to help prevent and treat cerebral vasospasm after SAH. In a subgroup of 50 study subjects, serum was collected as soon as possible after enrollment, and these banked specimens were later used for measurement of epinephrine and norepinephrine levels.
Two-dimensional transthoracic echocardiography was performed with an Acuson Sequoia 6.0 ultrasound system. The following echocardiographic images were obtained: parasternal long axis; parasternal short axis at the level of the mitral valve, papillary muscles, and apex; apical 2, 3, and 4-chamber views; subcostal long axis; and subcostal short axis at the level of the mitral valve, papillary muscles, and apex. For suboptimal studies, intravenous Optison contrast was administered to enhance visualization of the LV endocardium. LV ejection fraction (LVEF) and LV mass index (LVMI) were measured offline by a blinded observer using the biplane Simpson's method of discs and the truncated ellipse method, respectively, 20 and commercially available software (ProSolv).
cTI was measured with a fluorescent enzyme immunoassay (Abbot Diagnostics). The lowest detectable level was 0.3 g/L. The distribution of peak cTI levels was markedly skewed to the right (mean, 2.3 g/L; median, 0.3 g/L) with 66% of subjects having only normal levels (0.3 g/L) and the remaining subjects having peak cTI levels ranging from 0.4 to 50 g/L. For this reason, the level of cTI was treated as a dichotomous outcome variable with a value Ͼ1.0 g/L considered abnormal for the primary analysis. An secondary analysis was performed with a cTI cutoff value of Ͼ0.3 g/L. Serum levels of norepinephrine and epinephrine were measured with a competitive enzyme-linked immunosorbent assay (Alpco Diagnostics).
Univariate and multivariate logistic regression was performed to quantify the relationships between the clinical and hemodynamic predictor variables and the level of cTI (STATA Software). Longitudinal data analysis was used to account for repeated measurements. A significant probability value was defined as PՅ0.05.
Results
The study included 223 subjects. As shown in Table 1 , the mean age of the 223 study subjects was 54 years, and 68% were women, a typical sex distribution for SAH. Hypertension and smoking were more common relative to other risk factors for CAD. The study group consisted of the full range of SAH severity, with a meanϮSD Hunt-Hess grade of 2.4Ϯ1.3.
Hemodynamic and echocardiographic data are summarized in Table 2 . The mean peak SBP over the 3 study days was 167 mm Hg, consistent with moderate systolic hypertension. The subjects' LVEF ranged from 17% to 92%. The mean initial LVMI was 95 g/m 2 (92 g/m 2 for women, 99 g/m 2 for men), consistent with mild LV hypertrophy. Forty-nine percent of patients were receiving a phenylephrine infusion during at least 1 of the study echocardiograms with a mean peak dose of 107 g/L. In the 50 subjects with banked serum available for catecholamine measurement, the mean level of norepinephrine was 694 pg/mL (SD, 698 pg/mL; median, 371 pg/mL; range, 50 to 3892 pg/mL) and the mean level of epinephrine was 85 pg/mL (SD, 63 pg/mL; median, 64 pg/mL; range, 9 to 291 pg/mL).
The peak cTI level was Ͼ1.0 g/L in 43 of the 223 study subjects (20%). Repeated cTI measurements from all study days were used in the longitudinal analysis, and the mean cTI level was 1.2 g/L (SD, 4.7 g/L), with a median of 0.3 g/L and a range of 0.3 to 50 g/L. An inverse relationship was observed between the mean level of cTI among subjects and the time after onset of SAH symptoms ( Figure 1 ).
The univariate relationships between the predictor variables and cTI release, as determined by logistic regression (Table 3) . A strong relationship was observed between increasing Hunt-Hess grade and cTI release (Figure 2 ). Other independent predictors of cTI release included female sex, larger body surface area and LVMI, higher heart rate and phenylephrine dose, lower SBP, and a shorter time from SAH symptom onset. A multivariate model that defined a cTI level of Ͼ0.3 g/L as abnormal produced similar results with 2 exceptions: age was a significant predictor (OR, 1.73 per 10-year increase; Pϭ0.012), and LVMI was not (OR, 1.17; Pϭ0.384).
As shown in Table 3 , female sex was associated with an adjusted OR of 35.0 (Pϭ0.009) for cTI release. As shown in Table 4 , the observed sex effect was due primarily to lower risk of cTI release in older men because 0 of the 32 men Ͼ50 years of age had cTI release as opposed to 6 of the 39 men Յ50 years old ( 2 , Pϭ0.031). There was no significant difference in the probability of cTI release in women Ͼ50 compared with those Յ50 years of age ( 2 , Pϭ0.25). As shown in Table 3 , there was a 48% decrease in the risk of cTI release for every 20 -mm Hg increase in SBP. The relationship between lower SBP and cTI release was minimally affected by the addition of LVEF to the multivariate model (adjusted OR, 0.60 per 20 -mm Hg increase in SBP; Pϭ0.073). There were no interactions in the multivariate model of statistical significance that affected the predictor variables.
Discussion
The present study demonstrates that 20% of patients with SAH develop cTI Ͼ1.0 g/L, a result that is consistent with prior reports. 21, 22 The larger sample size of the present study (223 subjects) allowed unique exploration of the risk factors for the development of myocardial necrosis after SAH.
An incremental and independent relationship was observed between the Hunt-Hess grade, which is widely used in assessing the severity of neurological injury after SAH, and the probability of cTI release. This finding is consistent with a previous study by Parekh et al 22 that showed that patients with more severe grades of SAH had a higher incidence of cTI release. The results of these studies indicate that the severity of neurological injury is strongly related to myocardial necrosis and support the hypothesis that SAH-associated heart damage is a form of neurocardiogenic injury.
It is well-recognized that high sympathetic tone and elevated circulating levels of catecholamines may occur after head injury and particularly after SAH. 23, 24 Previous studies indicate that serum levels of catecholamines correlate with the severity of neurological injury and neurological outcome. 18 However, animal models indicate that the direct release of toxic levels of catecholamines into the myocardium by the cardiac sympathetic nerve terminals is a more likely cause of neurocardiogenic injury than is adrenal release of catecholamines into the systemic circulation. 25 Higher HuntHess grades indicate greater neurological injury and thus may be associated with a greater degree of sympathetic outflow to the heart. Such an association would explain the finding in the present study that higher Hunt-Hess grades, as opposed to serum levels of catecholamines, predict myocardial necrosis.
In the present study, higher phenylephrine doses, lower SBP, and higher heart rate were independent predictors of cTI release. These data were minimally affected by the addition of LVEF to the multivariate model, suggesting that the results are only partially confounded by worsening systolic function of the LV, which was associated with cTI release and could conceivably result in a lower SBP and/or a need for greater pressor doses to maintain SBP. An elevated LVMI was a multivariate predictor of cTI release, possibly because of increased myocardial oxygen demand in patients with LV hypertrophy. Taken together, the hemodynamic and echocardiographic data suggest that cTI release may, in some cases, be due to the combination of LV hypertrophy and hemodynamic factors. The multifactorial nature of cTI release is also illustrated by the increase in ORs after statistical adjustment (negative confounding) that was observed for some of the predictor variables, most notably sex and body surface area.
The multivariate model indicates that the higher risk of cTI release observed in patients treated with higher doses of phenylephrine is not mediated by higher SBP. Coronary vasospasm represents a possible mechanism for phenylephrine-induced myocardial necrosis although epicardial coronary vasospasm has not been reported in humans. Furthermore, experimental evidence suggests that microvascular ischemia is not required for SAH-induced cardiac injury. 26 The results of the present study are in contrast with previous data demonstrating that high-dose phenylephrine use in SAH patients was associated with a low incidence of creatine phosphokinase-MB fraction elevation and no change in cardiac index despite increased afterload. 27 These differences may be due to the higher sensitivity of cTI than creatine phosphokinase-MB for detecting myocardial necrosis. In addition, the larger sample size of the present study increased the power to detect a smaller effect of phenylephrine dose on cTI release.
The reduced incidence of myocardial necrosis among older men in the present study was an unexpected finding. Although it has been reported that younger women have higher short-term mortality after acute myocardial infarction and after coronary artery bypass grafting, 28 -31 sex effects have not previously been observed in experimental or clinical models of neurocardiogenic injury. Estrogen status in the pathogenesis of CAD is a subject of much controversy, given that hormonal replacement may have both adverse proinflammatory properties 32 and beneficial sympathetic inhibitory effects. 33 However, in the present study, the incidence of cTI release did not vary significantly by age among women. Further research is required to explore sex differences after neurocardiogenic injury.
In conclusion, the present study demonstrates that the degree of neurological injury is a strong predictor of myocardial necrosis after SAH, even after adjustment for clinical and hemodynamic factors. These findings support a neurocardiogenic cause of cardiac injury and dysfunction after SAH. 
Editorial Comment Myocardial Damage in Patients With Subarachnoid Hemorrhage
Cardiac effects of intracranial hemorrhage were initially described in 1903 by Cushing, who noted alterations in blood pressure and cardiac rhythm in such patients. 1 However, since ECG was not available at that time, it was not until 1947 that Byer et al described ECG changes in a patient with subarachnoid hemorrhage (SAH). 2 Later, a series of experiments described the effect of hypothalamic stimulation on ECG morphology and rhythm indicating that myocardial damage need not be present for ECG changes to occur. 3, 4 Indeed, some form of ECG changes are noted in almost all patients with SAH. 5 Up to 10% of the patients with SAH are noted to have a potentially lethal arrhythmia such as ventricular tachycardia and fibrillation, and it has been suggested that this may account for some of the mortality in patients not reaching medical care with SAH. A series of autopsy studies in patients with SAH demonstrated petechial subendocardial hemorrhage, and histologically, myocardial cell cytoplasm with dense eosinophilic transverse bands. 6, 7 This occurred not only in patients with SAH with ECG changes but also in those without such changes. Similar lesions could be created in experimental animals by stimulation of the stellate ganglion and infusion of catecholamines, and clinically this was seen in patients with a pheochromocytoma. 8 -10 Such evidence suggests that myocardial damage in patients with SAH is likely an effect of increased catecholamines on the myocardial cells rather than due to preexisting coronary artery disease. Increase in catecholamine level can be significant, and experimentally up to a 30-fold increase in plasma concentration is noted within 5 minutes after SAH induction in dogs. 11 However, it is not clear if it is increased plasma catecholamine, locally released catecholamine, or both that lead to the pattern of myocardial necrosis seen in SAH patients.
In our patients, myocardial necrosis is reflected by enzyme release such as CPK-MB and troponin I. Recent studies indicate that Ϸ40% of patients with SAH demonstrate increased serum markers for myocardial necrosis. Presumably, these are the patients in whom characteristic histological lesions are seen. However, since ECG changes in SAH are largely neurally mediated and myocardial lesions tend to be small and patchy, elevated enzymes can occur in the absence of ECG changes. On the other hand, functional testing of the heart, such as by echocardiogram, is a more accurate method to assess the effect of SAH on ventricular function, and using this method approximately 10% of patients with SAH demonstrate left ventricular (LV) wall motion abnormalities; a subset of these patients will have irreversible myocardial damage, but most regain LV function in several weeks.
The article by Tung et al 12 confirms that a commonly and widely used neurological grade on admission predicts myocardial damage as measured by cardiac enzyme release. This study is notable in that it consists of a large number of consecutive patients from a single center, minimizing potential bias seen in multicenter studies. Unlike some of the previous reports, this report did not demonstrate catecholamine level to be related to the degree of cardiac enzyme release. However, the number of subjects considered for this analysis was small (50 of 233), and sample collection took place at a considerable time interval after the onset of a bleed, which will affect the catecholamine levels.
Tung et al also confirm the importance of gender in myocardial injury seen in patients with SAH. This was suggested by Mayer et al, who showed abnormal LV function to be more common in women with SAH, and by Sato et al, who demonstrated that women tended to have LV wall motion abnormalities more frequently compared with men. 13, 14 The reasons for this are unclear. Lambert et al demonstrated higher catecholamine spillover from cerebrospinal fluid to plasma in women after SAH, indicating that the catecholamine release may be different for men and women. 15 There are also known to be differences between the autonomic nervous systems of men and women, possibly contributing to a difference in sympathetic nervous activation in women with SAH compared to men. 16, 17 Tung et al noted that increased heart rate and ventricular mass were independent predictors of myocardial enzyme release, suggesting that increased oxygen demand in patients with SAH is associated with myocardial damage. Additionally, phenylephrine dose was independently associated with myocardial enzyme release, suggesting that it either caused reduced oxygen delivery to the myocardial tissue or acted synergistically with existing catecholamines to increase the myocardial damage.
As indicated by Tung et al, the causal factors for myocardial damage in patients with SAH are many and include not only aspects of autonomic nervous function and the effect of catecholamines but also factors affecting myocardial oxygen demand and the effect of medications administered in the course of treatment. It is with studies such as this one by Tung et al that we hope to gain knowledge to potentially reduce mortality from cardiac causes in patients with SAH. 
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